Copper compounds are widely used as impregnants that enhance the removal of HCN by carbon-based filter media. The reaction mechanism involved is poorly understood. In this study, we have followed the reaction of HCN with pristine copper, copper oxide (CuO and Cu 2 O) and copper@copperoxide (Cu@Cu 2 O) core-shell nanoparticles of well-defined size and composition. We have established a cooperative reaction mechanism where both the copper oxide shell and copper core are required for the chemisorption of HCN onto copper nanoparticle impregnants. The suitability of copper@copperoxide nanoparticles as impregnants for the removal of HCN in respirator canisters is discussed.
INTRODUCTION
The addition of impregnants to activated carbon filter media is a common approach to increasing the efficiency of removal of chemicals that are poorly adsorbed on the carbon surface. Typically, metal salts are used. Activated carbon impregnated with salts of copper, silver and chromium (the ASC whetlerite) and copper, silver, zinc and molybdenum (the ASZM carbon) are well-known examples where impregnants have proved effective. These impregnated carbons are widely used to remove air-borne toxic gases and vapours, including conventional chemical warfare agents such as hydrogen cyanide, cyanogen chloride and other high vapour pressure compounds that typically adsorb poorly onto the activated carbon itself. The impregnation formulation involving metals such as copper was reported as early as 1946 (Grabenstetter and Blancet 1946) , and has since evolved with various metal combinations 1 . For respiratory protection in military use, the use of impregnants is challenging as the amount of material available is limited by the fact that the carbon filtration material must fit within the confines of a reasonably-sized container that can be mounted on a gas mask. In this context, the enhancement in protection against high vapour pressure compounds provided by the use of metal impregnants is achieved at the expense of a reduction in the surface area available for the adsorption of other larger, non-volatile organic molecules. Accordingly, the choice of impregnants has a critical effect on the overall efficiency of the typical activated carbon canister and the development of new materials to serve as highefficiency impregnant systems is an active area of research 2 .
Although copper compounds are widely used to remove HCN in activated carbon adsorbents, the mechanism of the reaction is poorly understood. The formation of CuCN is thought to occur initially, which suggests a dissociative adsorption mechanism as the first step in the reaction. The species involved, viz. Cu 0 , Cu + and/or Cu 2+ , and their roles are not understood, nor is the fate of the proton on HCN. Attachment to pre-adsorbed water -or to basic sites on the activated carbon itself -are two possibilities for the proton, implying that these other surface species are necessary for the adsorption of HCN onto copper-impregnated carbon. Such a cooperative reaction mechanism would imply that copper is working in tandem with other chemical species on the surface to remove HCN. On pristine copper surfaces under ultrahigh vacuum conditions, no reaction with HCN has been observed at room temperature (Solymosi and Berko 1982; Celio et al. 1998) .
Recently, metal nanoparticles have received increasing attention as potential impregnants on carbon materials (Dominguez-Dominguez et al. 2008) . Gold nanoparticle-impregnated carbon, for example, has proved effective in the removal of carbon monoxide (Billingsley et al. 2007) . As impregnants, nanoparticles approach the ideal as most of the constituent atoms reside on the particle surface so that the surface area to mass ratio is one of the highest possible. Additional advantages include the fact that nanoparticles can be monodispersed within the activated carbon and the fact that nanoparticles have a unique reactivity. The latter is attractive not only because it affords an opportunity to remove otherwise non-filtered gases, such as carbon monoxide, from the breathable air-stream, but also because different reaction products are produced. As an example, consider the removal of HCN by copper-impregnated carbon, where one of the by-products of the Cu + HCN reaction is toxic (see below). Circumventing the production of such toxic by-products is an obvious potential advantage of utilizing a nanoparticle-based impregnant system. Another advantage is that nanoparticles can be dispersed over the activated carbon directly, so that the solvation of metal salts using ammonia hydroxide is not needed (as is required for the current impregnating process). Avoiding this relatively severe chemistry also forgoes the presence of residual ammonia in the filter media. Such residual ammonia is noticeable as an undesirable smell as it is slowly off-gassed into the breathable air.
In current activated carbon filter media, the reaction between salt-derived copper impregnants and hydrogen cyanide generates another toxic gas cyanogen, (CN) 2 , as a by-product. Thus, impregnated carbons require a co-impregnant, usually consisting of either chromium or molybdenum, to oxidize the cyanogen into the innocuous oxamide (Alves and Clark 1986 ). This increases the loading level of metal impregnants, which translates into a decrease in the surface area of activated carbon available for the adsorption of non-volatile organics. At present, chromium and molybdenum are added in their oxyanion forms in the highest oxidation states so that they complex with the copper ion impregnants. The close proximity of copper and the oxidant metals facilitates efficient removal of HCN and cyanogen chloride, CNCl. However, these oxidant metal impregnants suffer degradation upon exposure to atmospheric oxygen and moisture. This effect, termed ageing, has been discussed before and is an undesirable property of the copperbased impregnant systems currently used (McIntyre et al. 1991) .
In the light of the potential advantages offered by metal nanoparticle impregnants and of the problems associated with the current impregnant systems, we have conducted a study of the potential utility of partially oxidized copper nanoparticles as impregnants capable of increasing the efficiency of HCN removal by activated carbon canisters. We have previously generated and characterized copper nanoparticles of well-defined diameters in this laboratory Pedersen et al. 2008) . However, these nanoparticles were not stable in air, thereby necessitating their encapsulation in a protective oxide shell for usage under ambient conditions. The subsequent ensemble existed as copper in copper oxide (Cu@Cu 2 O) core-shell nanoparticles (Pedersen et al. 2008) . From previous work, it was ascertained that the nanoparticles had diameters of 3.0 ± 0.3 nm and a maximum oxide shell thickness of two monolayers. This oxide shell contains a mixture of CuO and Cu 2 O, whose relative amounts may be varied by controlling the temperature employed for oxidation in air. In the present work, low-temperature oxidation was utilized and Cu 2 O was the dominant oxide with CuO present in trace amounts (Pedersen et al. 2008) .
The present report details our initial effort in determining the mechanism of the reaction of Cu@Cu 2 O nanoparticles with HCN and our study of the feasibility of using these as nanoparticlebased impregnants for the removal of HCN on carbon-based filter media.
EXPERIMENTAL
For the experiments reported herein, the gas-phase metal nanoparticle source described previously (Pedersen et al. 2008 ) was coupled with a gas cell. A schematic of the experimental set-up is shown in Figure 1 . Copper nanoparticles were prepared in the gas phase using a DC magnetron sputtering source. Briefly, an OFHC copper target (99.95% purity) was attached to the sputter head which acted as the cathode. The anode cap, with a hole (46 mm diameter) in its centre, was placed 5 mm away from the target. Argon, as the discharge gas, was introduced at a flow rate of 8.3 × 10 -7 m 3 /s (MKS 1179A mass flow controller) through a showerhead inlet directed at the anode cap and positioned immediately in front of it. A 1.7 × 10 -7 m 3 /s flow of helium was introduced into the aggregation zone through a separate inlet. When a voltage (~280 V, ~200 mA) was applied between the cathode and the anode, the argon gas in this region was ionized and accelerated towards the target surface. The copper target sputtered by the highly energetic argon ions produced primarily atomic copper species. These copper atoms exited the plasma zone and began to condense in the aggregation zone to form copper nanoparticles. The nanoparticles then moved downstream into the expansion zone. Finally, the nanoparticles passed through an orifice into the neighbouring deposition chamber where a pressure of < 1.3 ×10 -2 Pa was maintained during deposition via a 300 ᐉ/s turbo pump (Varian TV-301). The argon and helium flow rates and the aggregation length were set to generate 3.0 ± 0.3 nm diameter copper nanoparticles, this size having been confirmed by means of STM imaging (Pedersen et al. 2008) .
Mass pick-up of adsorbed HCN on the pristine copper and partially oxidized (Cu@Cu 2 O) core-shell nanoparticles was measured by microgravimetry using the Quartz Crystal Microbalance (QCM) technique. QCM has been used extensively as a sensitive device for measuring small mass changes of nanogram order. The basic QCM device consists of a piezoelectric AT-cut quartz crystal sandwiched between a pair of electrodes. When the electrodes are connected to an oscillator and an AC voltage applied, the quartz crystal starts to oscillate at its resonant frequency due to the piezoelectric effect. The oscillation is very stable but masssensitive. When a layer of material is deposited on the crystal, the resonant frequency will decrease in proportion to the mass of the adsorbed layer according to the equation of Sauerbrey (1959) . Detailed operation and measurement techniques of the QCM have been described elsewhere 3 . This technique has been applied successfully to the measurement of adsorption on carbon nanotubes (Wei et al. 2003 ) and other nano-systems such as thin-film growth and reactions (Bouzidi et al. 2003; Friedt et al. 2003) .
For the QCM study, copper nanoparticles were deposited onto the face of a quartz crystal microbalance (Stanford QCM100 oscillator, Laptech crystals) oscillating at 5 MHz. The nanoparticle-coated QCM crystal was then translated into the gas cell. The gate valve was closed to isolate the cell from the deposition apparatus and oxide shell growth was initiated by introducing a fixed pressure of dry air (Praxair Canada, zero grade, < 5 ppm water and < 1 ppm total hydrocarbon, CO and CO 2 ) into the cell through the gas inlet. Previous work had shown that when copper nanoparticles are exposed to oxygen, oxides of copper (Cu 2 O and CuO) are formed. However, Cu 2 O is the dominant product arising from room-temperature oxidation, with CuO being formed in minor amounts (see below). Furthermore, complete conversion of copper nanoparticles to copper oxides does not occur at room temperature and can only be achieved at elevated temperatures (Pedersen et al. 2008) . Thus, in the present study, the copper nanoparticles were only "partially oxidized", i.e. leading to the formation of an oxide shell encapsulating the copper nanoparticle in the core. The shell thickness can be controlled by varying the time of exposure to dry air. To study the HCN reactions, copper and copper@copper-oxide core-shell nanoparticles were subsequently exposed to HCN (5000 ppm in N 2 , Linde Canada) in the gas cell for varying periods of time. The QCM was used to monitor the mass picked up by the nanoparticles during the oxidation/shell formation process and during the subsequent reaction with HCN.
For FT-IR (Digilab, FTS 7000 series FT-IR) studies, the copper nanoparticles were deposited onto sodium chloride discs in the main chamber and then transferred into the gas cell, with or without exposure to zero-grade air. They were then exposed to 5000 ppm HCN (in N 2 ) at 13 kPa for the desired period of time (from 15 s to 20 min). Samples were then removed from the gas cell (exposed to laboratory air) and placed in the optical path of the spectrometer. IR absorption spectra were acquired under ambient conditions employing a nitrogen purge to remove atmospheric moisture. As we were only interested in reactions under ambient conditions, some weakly adsorbed species may have been lost during this process, but all strongly adsorbed and reaction products of HCN were capable of observation.
Analogous oxidations were performed on copper nanoparticle samples deposited on highly ordered pyrolytic graphite (HOPG) substrates. These were sent to the Alberta Centre for Surface Engineering and Science, at the University of Alberta, for X-ray photoelectron spectroscopy (XPS) analysis. Scanning tunnelling microscope (STM) images of copper nanoparticles on HOPG were acquired using an easyScan E-STM (Nanosurf) instrument under ambient conditions (i.e. samples were maintained in air during STM imaging).
RESULTS AND DISCUSSION
The feasible use of copper nanoparticles as canister impregnants (on activated carbon or other adsorbents) for the removal of air-borne HCN necessitates their exposure to ambient conditions. Accordingly, the deposited copper nanoparticles were initially exposed to zero-grade air for up to 16 h in the gas cell. Copper oxidizes readily in air and this process was followed by measuring the mass of oxygen uptake with the QCM. Sample data illustrating the mass of oxygen adsorbed by 500 ng of copper nanoparticles are shown in Figure 2 . It will be seen from the figure that the initial uptake of oxygen was relatively fast, attaining 27 ng in ca. 5 min, but then slowed down considerably. The oxygen uptake started to level off after ca. 4 h, although oxidation continued very slowly for much longer times. After 16 h, ca. 60 ng oxygen had been absorbed, but there was still a perceivable increasing trend in the QCM data indicating that more oxidation was occurring but at a negligible rate. Consistent with our previous work (Pedersen et al. 2008) , this result indicates that the oxide shell was "tight", as it did not allow the unlimited diffusion of oxygen into the copper core, leading to the complete conversion of the copper nanoparticles into copper oxides. From scanning tunnelling microscopy (data not shown) and the density of bulk copper, monolayer oxide formation was estimated as having occurred at ca. 27 ng oxygen uptake, with bilayer oxide formation being approached at ca. 60 ng oxygen uptake (Pedersen et al. 2008 ). Hence, the oxide shell encapsulating the copper core atoms had a maximum thickness of ca. two monolayers. Figure 3 shows a comparison of the XPS spectra of copper@copper-oxide core-shell nanoparticle systems produced at 300 K and 500 K, respectively. Only the Cu 2p 3/2 part of the spectrum is depicted in the figure, with Cu 0 , Cu + and Cu 2+ peaks having been assigned in accordance with Wu et al. (2006) . It will be seen from the figure that two dominant peaks appeared at 932.95 eV and 934.33 eV. The positions of these peaks were calibrated against the C 1s peak appearing at 284.8 eV and corresponded to Cu 0 /Cu + and Cu 2+ , respectively, according to the data of Wu et al. (2006) . As expected, the Cu 2+ peak was accompanied by satellite peaks at ca. 942.89 eV. The vertical dotted line in Figure 3 marks the position of the Cu 0 /Cu + peak. The obvious shoulder in the 300 K spectrum is indicative of trace amounts of Cu 2+ . Indeed, heating to relatively high temperatures was necessary before this peak increased significantly in size. Thus, as depicted in the 354 S. Liang et al./Adsorption Science & Technology Vol. 27 No. 4 2009 Cu 0 ,Cu + figure, the shoulder became the dominant spectral feature at 500 K, with only a negligible contribution from the Cu 0 /Cu + peak being visible in the spectrum. These results show that, at 300 K, the core-shell nanoparticles existed predominantly as Cu@Cu 2 O with a trace of CuO.
To determine their reactivity, the Cu@Cu 2 O core-shell nanoparticles were exposed to HCN gas mixtures. The pickup of HCN is illustrated in Figure 4 where the corresponding infrared absorbance spectra are shown. The three spectra correspond to samples exposed to HCN for different periods of time (90, 300 and 1200 s, respectively). The increase in absorbance shown is clearly correlated with the exposure time. The only common functional group whose primary absorption is in the spectral region depicted is that positioned at 2167 cm -1 , characteristic of the CϵN stretch. Trenary (2000) has studied the cyanate and isocyanate species formed upon exposure of an oxidized copper surface to (CN) 2 , and found that these compounds have peak positions at 2182 and 2198 cm -1 , respectively. These positions compare well with the absorptions of species such as methyl isocyanate which has CϵN peaks positioned slightly above 2200 cm -1 4 . However, the peak positioned at 2167 cm -1 in Figure 4 compares more favourably with solid CuCN, whose spectrum exhibits a ν(CϵN) vibration at 2172 cm -1 (Huang et al. 1996) . Indeed, in Nujol, the same peak occurs at 2170 cm -1 (Bowmaker et al. 1998 ). Based on this favourable comparison with solid CuCN, we have tentatively assigned the 2167 cm -1 absorbance to the CϵN stretch of CuCN. The peak at 2167 cm -1 was the only one observed in the present study, indicating that species such as Cu(CN) 2 were not formed under the reaction conditions employed. The infrared absorbance of CuCN can be correlated with the mass of HCN adsorbed onto the nanoparticle surfaces as measured via microgravimetry employing the QCM technique. Thus, in Figure 5 , the infrared peak areas for four copper nanoparticle samples exposed to HCN for 0.25, 1.5, 5 and 20 min are plotted as a function of the mass of HCN adsorbed by four analogous nanoparticle samples deposited on QCM crystals and exposed to the same HCN treatment. All eight samples were oxidized in dry air for 5 min prior to exposure to HCN. From repeat experiments with different samples undergoing the same HCN exposure, the standard error for the measured infrared peak area was estimated as ± 0.004. As observed in Figure 5 , a strong correlation exists between the magnitude of the CuCN peak in the infrared absorbance spectrum and the mass of HCN adsorbed onto the nanoparticles. This linear correlation suggests a near absence of secondary reaction processes. Such processes involving the reaction of HCN with the initial CuCN product would lead to more extensive depletion of CuCN at higher exposure times, where the amount of CuCN available would be sufficient for such reactions to occur efficiently. Under these circumstances, a non-linear trend would be expected.
The linear correlation between the amount of CuCN formed and the mass of adsorbate employed shown in Figure 5 indicates that the CuCN formed initially did not participate in secondary reactions within the minute timescale depicted and was effectively stable. In this respect, nanoparticle chemistry differs from that of salt-derived copper impregnants where the conversion of adsorbed cyanide to cyanogen, via a CuCN → Cu(CN) 2 → (CN) 2 process, occurs readily (Alves and Clark 1986) . The lack of such chemistry on the nanoparticle surfaces probably stems from the close proximity of the copper and copper oxide materials; this would facilitate a cooperative chemistry and limit the effect of water and other adsorbates on the process. The absence of the production of cyanogen from the process suggested by these initial results constitutes a clear advantage of the copper@copper-oxide impregnant system. To illustrate the cooperative nature of the reaction mechanism, nanoparticles consisting of copper alone and of copper oxides alone were exposed to HCN. From QCM data, no reaction occurred between HCN and copper and a similar result was recorded for the copper oxide nanoparticles. In the oxide experiments, mild heating of the copper@copper-oxide nanoparticles on a sodium chloride substrate was used to convert the particles to predominantly Cu 2 O, although CuO was also present (Palkar et al. 1996; Borgohain et al. 2000; Papadimitropoulos et al. 2006 ). In addition, there was no change in the corresponding IR spectra when copper nanoparticles and copper oxide nanoparticles were separately exposed to HCN. For copper nanoparticles, this result was not unexpected since literature data indicate that no HCN adsorption occurs at room temperature on pristine single crystals of Cu(111) (Solymosi and Berko 1982) or on the Cu(100) surface (Celio et al. 1998) . For both copper and Cu 2 O nanoparticle systems, the corresponding IR spectra showed no evidence of the CuCN peak at 2167 cm -1 or of the peaks at 2092 cm -1 and 3294 cm -1 corresponding respectively to the CϵN and the C-H stretch for HCN, as reported by Celio et al. (1998) .
The absence of CuCN on pristine copper and on samples of Cu 2 O (with a trace of CuO) demonstrates that the presence of both copper and Cu 2 O is necessary for the formation of CuCN. To demonstrate this effect, we conducted experiments wherein the amount of copper oxide in the system was varied by controlling the time of exposure to oxygen. Figure 6 shows the mass uptake of HCN versus time for copper nanoparticles exposed to dry air for different periods of time. As seen, although negligible amounts of HCN were picked up by copper nanoparticles exposed to dry air for 90 s, such pickup increased as the exposure time to dry air increased. Since the diameter of a nanoparticle is known to be 3 nm, it was possible to estimate the oxide shell thickness from the oxygen mass pickup data (not shown). These calculated shell thicknesses are shown in the inset Figure 6 . The mass uptake of HCN versus exposure time for three samples pre-exposed to dry air for 90 s, 20 min and 16 h, respectively, and then exposed to 13 kPa of 5000 ppm HCN in N 2 for 5 min. The inset shows the peak area of the CuCN IR absorbance for each sample after its exposure to HCN for 5 min. The data point indicated as ∆ in the inset corresponds to a sample fully oxidized by heating to 423 K in air for 35 min prior to exposure to HCN. in Figure 6 together with the CuCN IR absorbance at 2167 cm -1 measured after the subsequent exposure of these nanoparticles to 5000 ppm of HCN in N 2 . The effect of shell thickness on HCN uptake is noteworthy. The data depicted in the inset clearly show that the uptake of HCN was minor at a shell thickness of zero (i.e., pristine copper) and above a thickness of two monolayers. At intermediate shell thicknesses, however, the formation of CuCN was significant. Hence, the reaction mechanism clearly involves both the oxide and pure copper metal, and that an optimal shell thickness (or an optimum Cu/Cu 2 O ratio) is required. A plausible scheme for the reaction mechanism of copper@copper-oxide with HCN is illustrated in Figure 7 and may be summarized as follows:
Step 1: Adsorption of HCN on the core-shell nanoparticles occurs, probably through hydrogen bonding with oxygen in the Cu 2 O shell, shown as (B).
Step 2: Tunnelling of electrons from the metal core through the shell to electronegative species on the surface is expected, to generate a Cu + ... CNion pair, shown as (C). Since charge-transfer through such thin oxide (< 1 nm) shells occurs rapidly (ca. ps), the adsorbed HCN exists only as a transient intermediate. Figure 7 . Schematic representation of the proposed mechanism for the reaction of HCN on the Cu@Cu 2 O core-shell nanoparticle system. Note that the initial formation of polarized physisorbed HCN species in step (B) probably occurs via hydrogen bonding. This is followed by electron tunnelling out of the core, resulting in the formation of CNon the shell and Cu + in the core as shown in (C), which then diffuses out through the cuprous oxide shell to react with CNforming CuCN, as shown in (D). Step 3: Through-shell diffusion will follow, consistent with the well-established theories of Mott and Fromhold-Cook. Examples of such diffusion in core-shell nanoparticle systems are cited in the literature (Fromhold and Cook 1966, 1967; Pedersen et al. 2007 ). In the present case, the diffusion is driven by the Coulomb attraction between the Cu + ... CN -ion pairs generated by the chargetransfer between the copper atoms in the core and the cyanide species on the surface (step 2).
Step 4: Cu + and CNcombine to form CuCN, shown as (D).
In this context, the basic oxide sites on the shell surface facilitate the stabilization of adsorbed HCN and/or H ... CNintermediates with which the Cu + interacts, consistent with the presence of both the copper core and the Cu 2 O shell being necessary for reaction to occur. Such a mechanism is supported by the absence of C-H stretches from the IR spectra obtained. The rapid chargetransfer and charge-induced diffusion processes proposed would lead to the rapid consumption of any adsorbed HCN, consistent with the absence of HCN-type peaks in the IR spectra. Following the formation of CuCN, charge balance dictates that atomic H rather than H + ions would be present on the nanoparticle surface. The fate of this atomic H is not fully understood. Infrared spectra obtained in the present studies showed no significant increase in peaks attributable to the formation of OH species, and the infrared absorptions attributed to Cu 2 O did not change significantly in magnitude, viz. there was no evidence of Cu 2 O consumption and/or OH formation as a result of reaction with HCN. As OH is a weak IR absorber, it is possible that it was formed but in amounts below our detection limit. It is also possible that the adsorbed hydrogen existed only as a transient species, since radical-radical combination on the nanoparticle surface would result in the formation of molecular hydrogen which subsequently desorbed so that its presence was not detectable. This mechanism is quite different from that proposed for the adsorption of HCN on activated impregnated carbon, which suggests a very complicated process involving intermediate cyanogen, cyanate and oxamide species (Alves and Clark 1986) . The mechanism shown in Figure 7 is the simplest mechanism consistent with the core-shell nanoparticle chemistry observed.
The performance of the copper@copper-oxide nanoparticles as impregnants in activated carbon filter media will depend primarily on the adsorption capacity of the nanoparticles. Based on the infrared absorbance and QCM data depicted in Figures 4 and 5 , the maximum uptake was 21 ng of HCN to 500 ng of copper nanoparticles onto which 60 ng of oxygen had adsorbed. The equivalent molar ratio for HCN/Cu/O 2 is 1:10:5, indicating that only a fraction of the copper reacted and thereby suggesting that the amount of oxide in the shell limited the uptake. Increasing oxide shell thickness was found to increase CuCN formation, but only to a slight extent. In the context of the proposed mechanism, thicker shells would impede the diffusion of copper atoms out to the surface where they react with adsorbed HCN. Shells of 1-2 monolayer thickness would be near-optimal for HCN pickup. Decreasing the core diameter would decrease the amount of "spectator" copper, i.e. that not active in the adsorption process, and enhance the HCN/Cu ratio. This would lead to a decrease in the amount of copper impregnant necessary for loading into activated carbon filters.
To place the uptake values in context, a comparison with current impregnants can be made. The ASZM/T carbon (an ASZM carbon further impregnated with triethylenediamine, TEDA) employed by the US military provides protection against HCN for a minimum of 28 min at a linear flow of air of 5.9 cm/s containing 4000 mg/m 3 of HCN onto a cylindrical container (4 cm internal diameter and 2 cm high) loaded with ASZM/T carbon 5 . This translates into a mass uptake ratio by copper for hydrogen cyanide of ca. 2:1, which in turn yields a molar ratio close to 1:1. By comparison to this figure, the 1:10 ratio observed on the nanoparticle system appears relatively inefficient. However, part of this is artificial and stems from the fact that, in the canister system, a high proportion of the HCN is converted into cyanogen and not actually adsorbed by the copper. Since the 1:1 ratio applies to the amount of HCN removed by the impregnated carbon (copper assisted by molybdenum), it does not actually reflect the amount of HCN specifically adsorbed by copper. Hence, the canister molar ratio is more comparable to that observed in the nanoparticle systems than the 1:1 ratio indicates.
Continuing to optimize the relative amounts of Cu 2 O and CuO in the shell, as well as decreasing the amount of copper in the core, are obvious routes towards increasing the efficiency of the copper@copper-oxide nanoparticle impregnants. As a consequence, they could become comparable with the ASZM/T carbon system but with the additional advantage that cyanogen by-products are not generated.
CONCLUSIONS
The advantages of small size, unique reactivity and high surface area to mass ratio have prompted the recent commercial use of nanoparticles as impregnants to enhance the performance of activated carbon filters. In the present work, it has been demonstrated that the presence of both copper and copper oxide is necessary for reaction between HCN and copper@copper-oxide core-shell nanoparticles. The optimum molar ratio for this process was found to be 1:10:5 for HCN/Cu/O 2 . This ratio is dependent on the shell thickness for which the optimum value was ca. 1-2 monolayers. The ability of copper@copper-oxide nanoparticles to adsorb HCN demonstrates the advantage of a core-shell geometry where cooperative reaction mechanisms can be used to advantage to steer the chemistry down specific paths, and thereby avoid undesirable reactions involving water and other species present in the activated carbon medium. The core-shell geometry provides a whole new family of impregnants of a "reactivity-on-demand" type where core material is ejected upon exposure to selected chemicals. Such smart materials show great promise as next-generation impregnants capable of adsorbing and deactivating species of high volatility, which are typically adsorbed in an inefficient manner by activated carbon.
